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 2 
ABSTRACT 24 
 25 
Analysis of acoustic wavefronts are  important for a number of engineering design, 26 
communication and health related  reasons , and it is very desirable to be able to understand 27 
the interaction of acoustic fields and energy with obstructions.  Experimental analysis of 28 
acoustic wavefronts in water has traditionally been completed with single or arrays of 29 
piezoelectric or magnetostrictive transducers or hydrophones.  These have been very 30 
successful, but the presence of transducers within the acoustic region  can in some 31 
circumstances be undesirable.  The research reported here, describes the novel application of 32 
scanning laser Doppler vibrometry to the analysis of underwater acoustic wavefronts, 33 
impinging on circular cross section obstructions.  The results demonstrate that this new non-34 
invasive acoustics measurement technique can successfully visualise and measure reflected 35 
acoustic fields, diffraction and refraction effects. 36 
 3 
1.0 INTRODUCTION 37 
 38 
The understanding of acoustics has developed over many decades, both in terms of the 39 
theoretical development, as well as the experimental analysis.  This has led to many 40 
applications of acoustics, ranging from sensitive listening devices to destructive medical 41 
devices. 42 
 43 
The transmission of sound through water has been the topic of significant study, providing 44 
descriptions of the variation of acoustic velocity in water with respect to factors such as 45 
temperature, pressure and salinity [1-4].  Experimental analysis of water based and 46 
underwater acoustics relies upon the use of traditional piezoelectric based transducers, 47 
commonly known as hydrophones.   These are typically point source/receiver devices which 48 
provide excellent two-dimensional temporal resolution but poor spatial resolution.  In order to 49 
generate three-dimensional maps of acoustic pressure, and to “visualise” acoustic wavefronts, 50 
it is necessary to scan a single hydrophone through the acoustic volume, or construct arrays of 51 
hydrophones (whose resolution is a function of the number of transducers in the array and 52 
their spacing) An example of a hydrophone array used for calibration purposes is described by 53 
Preston [5] . The dimensions of the hydrophones used are typically specified with respect to 54 
the wavelength of the acoustic signals being analysed.  Despite their prevalence, data from 55 
transducer arrays cannot be considered ideal due to the potential perturbation caused by the 56 
physical presence of the transducers and their supporting structure. 57 
 58 
The desire to understand acoustic wavefronts and their interaction with objects has motivated 59 
acousticians for many years.  To be able to routinely visualise acoustic interactions would 60 
enhance the acoustic designer’s ability to optimise both the performance of acoustic sources 61 
 4 
and detectors, and allow the generation of structures, surfaces and materials with particular 62 
acoustic absorption and scattering characteristics.  It has therefore been desirable to consider 63 
alternative solutions to the task of acoustic field measurement and visualisation, with specific 64 
emphasis towards two dimensional analyses leading on to the potential of tomographic 65 
analysis. 66 
 67 
The most promising approach to developing new transducers capable of visualising acoustic 68 
wavefronts has been to consider optical metrology techniques.  Single point optical 69 
transducers are already used in calibration laboratories, with the UK primary standard for 70 
underwater acoustic calibrations in the frequency range 500 kHz to 15 MHz,  being based on 71 
a Michelson interferometer first suggested by Drain et al in [6], refined by Bacon et al in 72 
1986 [7] and adopted by the National Physical Laboratory (NPL) in 1987.  Whilst this 73 
technique is largely non-perturbing (it does not require the presence of any bodies of 74 
significant dimensions to be submerged in the field), a 3 or 5 µm thick optically reflective 75 
PVDF pellicle is required to return the laser light, although it is assumed that this membrane 76 
does not influence acoustic propagation [8].  Given this successful application of optical 77 
metrology, much attention has been given to the development of future measurement 78 
techniques based on optical methods. 79 
 80 
One important consideration when applying optical metrology solutions to acoustic analysis,  81 
is the interaction of light energy and acoustic energy, with the key parameter being the 82 
refractive index of the media.  Initial work in this area can be traced to the first half of the 83 
twentieth century [9,10], although it was the work of Raman and Nath, which established a 84 
sound theoretical basis [11,12].  The topic of ultrasonically induced diffraction has been the 85 
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subject of many reviews, with one of the more recent considering high frequency acoustic 86 
measurements by optical techniques [13]. 87 
 88 
Specific examples of previously reported applications of optical metrology techniques can be 89 
identified as; Schlieren [14],  Michelson interferometry [15], Electronic Speckle Pattern 90 
Interferometry (ESPI) [16-17], and Laser Doppler Anemometry (LDA) [18].  The use of 91 
Michelson interferometry and LDA for acoustic analyses are both limited by the fact that they 92 
are single point techniques with no volumetric capability.  Conversely, Schlieren and ESPI 93 
are inherently wholefield in their analytical approach, but Schlieren is very much a qualitative 94 
technique and ESPI has demonstrated poor signal to noise ratios. 95 
 96 
An alternative technique which has more recently been demonstrated is that of laser Doppler 97 
vibrometry (LDV).  Application of LDV to acoustic measurements in air have been 98 
documented [17, 19-21], although chronologically, these reports have occurred at the same 99 
time as water based experimentation.  One of the earliest applications of LDV in underwater 100 
acoustics was the successful monitoring of the passage of a surface wave during its 101 
propagation over an aluminium plate [22].  In a hybrid system based on the principle of 102 
operation of the NPL Laser Interferometer [7], a method for deriving underwater acoustic 103 
particle velocity through measurements from a suspended pellicle  was reported [23]. The 104 
technique was found to benefit over the NPL Laser Interferometer from increased simplicity 105 
and its ability to resolve acoustic signals from extraneous low frequency vibrations.  106 
 107 
The extent of LDV application has however been limited to using a secondary target within 108 
the acoustic medium, which reduces the non-contact non-perturbing potential of the 109 
transducer.  Recent work has considered the interaction of the laser beam itself, with the 110 
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acoustic energy, thus providing a direct measure of acoustic energy [24,25] utilising the 111 
refractive index of the media  varying with changes in acoustic pressure.   This work 112 
compares well with other research [26], demonstrating that a LDV transducer can be passed 113 
through the acoustic field generated by a piezoelectric transducer and produce temporal 114 
signals that correlate well with traditional hydrophone measurements.  Furthermore, by 115 
scanning the laser through the acoustic field, it has been demonstrated that two-dimensional 116 
images of acoustic waves and fields can be mapped and identified [27,28].  Aspects of this 117 
work have been taken further by other researchers with analysis of external error contributions 118 
[29], comparison with radiation force balances [30], further analysis of LDV as a new primary 119 
standard for underwater acoustics [31], and comparison with wholefield optical metrology 120 
techniques [32]. 121 
 122 
The purpose of this paper is to report initial quantitative results from the novel application of 123 
scanning LDV to the study of acoustic energy reflected and diffracted by objects placed 124 
within an underwater  acoustic field.  Objects of different sizes and structure with respect to 125 
the wavelength of the acoustic source have been used to illustrate a range of acoustic 126 
phenomena, specifically being visualised and measured in real-time by the LDV technique. 127 
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2.0 Laser Doppler Vibrometry 128 
 129 
Laser Doppler Vibrometry (LDV), sometimes known as velocimetry, is a well-established 130 
tool used primarily to record velocity measurements from the scattering elements of solid 131 
surface targets [33]. The principle of operation and the equipment used in LDV 132 
experimentation is intrinsically the same as that of LDA, the major difference being the use of 133 
the two beams between which the frequency difference is observed. In LDV ( shown in 134 
Figure 1), the two beams created from the laser source by beam splitter (BS1) are diverted 135 
such that only one is used to illuminate the target. The other ‘reference’ beam follows a path 136 
through a homogeneous medium usually sufficiently long enough to compensate for any 137 
coherence length discrepancy before being recombined with the target beam (at BS3). 138 
Standard commercially available LDV equipment, detects the frequency shift in back 139 
scattered light from the target. The geometry used is based on that of the Michelson 140 
interferometer and is typical of that originally proposed in literature [34]. 141 
 142 
Since the frequency of the returning light is too high to be measured directly by any opto-143 
electric detector, it is mixed with the reference beam to create a measurable heterodyne 144 
frequency (BS3). Signals generated in this way are directionally ambiguous due to the 145 
heterodyne frequency representing the difference in frequency between the two beams. For 146 
this reason a frequency shift produced by a Bragg cell, diffraction grating or rotating target is 147 
included in one of the arms (via BS2) to offset the resultant heterodyne or beat frequency 148 
from zero. The photodetectors  (D1 and D2)  provide an output proportional to the intensity of 149 
the incident light. This is then demodulated to provide a voltage output proportional to the 150 
velocity of the target. 151 
 152 
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Initial analysis of LDV in the context of underwater acoustic analysis, considers the ideal case 153 
of a collimated acoustic beam of radius r, with plane phase fronts. Considering the simplest 154 
geometry of a single point LDV transducer, the beam from the LDV is normal to the axis of 155 
the acoustic field. In this arrangement, the acoustic phase, Φ, remains constant with distance 156 
along the line and the voltage output from the LDV, V, which is proportional to the rate of 157 
change of optical path length, is described by Equation 1, where K is the sensitivity scalar of 158 
the LDV electronics, 
SP
n 


∂
∂ is the adiabatic piezo-optic coefficient, A is the acoustic pressure 159 
amplitude and f is the acoustic frequency [27]. 160 
  161 
 (1) 162 
 163 
The optical path length, l, represents the integral of the refractive index, n, with distance, 164 
where the limits of integration are of the path of the laser beam that is affected by the sound 165 
field.  Consequently, the laser transducer is able to map refractive index changes as a function 166 
of pressure variations, which act as the unique signature of each acoustic field. 167 
 168 
In this particular study, a scanning laser vibrometer was used (Polytec OFV-056 Scan head 169 
and OFV-3001-S controller, frequency cut-off -1.5 MHz) to provide complete two-170 
dimensional mapping of the acoustic volume.   The details of the optical interrogation of the 171 
acoustic volume can be seen in Figure 2, which identifies the issues of the angular movement 172 
of the laser beam.  The scanning system allows the laser beam to be sequentially directed 173 
within a range specified by a number of discrete positions established on a fixed, stationary 174 
target beyond and outside the acoustic volume.  With respect to a phase locked reference 175 
trigger signal from the acoustic source, the scanning transducer is able to provide a referenced 176 
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measurement of spatial and temporal pressure distribution (as a function of refractive index 177 
change). 178 
 179 
The development of the acousto-optic theory has had to take into account several factors 180 
which complicate the analysis of a scanning transducer compared to the single line analysis of 181 
the simplified case shown in Equation 1.  For the purposes of the mathematical explanation it 182 
is assumed that the field generated by the plane-piston acoustic source is perfectly collimated, 183 
although it is recognized that in reality this is highly unlikely. Consequently, the analysis 184 
needs to take into account when the laser beam is incident with arbitrary angles (polar angle φ 185 
and elevation angle θ as shown in Figure 2) on the acoustic beam.  The optical path length, l, 186 
in this case can be written as: 187 
(2) 188 
where ck /ω=  is the acoustic wavenumber, and l0 is the ambient optical path length.  If the 189 
line integral is then calculated, Equation 2 can be rewritten as:  190 
 191 
  (3) 192 
 193 
where φθα sincosk=  is the wavenumber projected onto the normal axis,  0kxt −=Ψ ω  is 194 
the phase term when the beam is normal to the axis of the sound field, and the distances 1s  195 
and 2s  are indicated in Figure 2.   196 
 197 
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Taking into account the Cartesian expansion of the terms  1s  and 2s  [27], the rate of change 198 
of optical pathlength (and consequently acoustic pressure) as measured by the scanning laser 199 
Doppler vibrometer can be summarised as: 200 
 201 
 202 
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 204 
It should be noted that the generation of this unique theoretical description for the application 205 
of LDV to acoustic field analysis must take into account certain limits, specifically that 206 
angular errors and approximations can be improved by ensuring that the transducer-acoustic 207 
field stand-off distance is significantly large, thus reducing the angular sweep of the volume, 208 
improving the approximation to normal transmission through the media.   209 
 210 
In reality, whilst the acoustic source may approximate to plane wave output, reflection and 211 
refraction of the acoustic energy from the obstacles in the water will lead to complex 212 
wavefronts.  As dentified previously [19,20,27,28], all variations of refractive index along the 213 
measuring path have an influence on the measured result, and consequently, the rate of 214 
change of optical pathlength will be a mean value, except for the specialised case of normal 215 
transmission of the laser through a collimated acoustic plane wave.   216 
 217 
Therefore in this context, it would be inappropriate for the quantified output of the scanning 218 
LDV to be represented in pressure terms, because this would produce a misleading map of 219 
pressure distribution, with areas which would be correct and areas which would be prone to 220 
increasing error content, especially at the extremities of the scan. Consequently, the quantified 221 
output of the experimentation has been given as the rate of change of optical pathlength. 222 
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Issues of instrument confidence have also been considered with this work.  Whilst primary 223 
and secondary procedures for accelerometers (and other devices) are covered under BS ISO 224 
16063 [35], there is currently no formalised procedure for direct calibration of laser 225 
vibrometers.  However, calibration can and is achieved via comparison standards with 226 
calibrated accelerometers and traceable mechanical shakers, although the extended frequency 227 
range capability of laser vibrometers often exceeds that of the accelerometers.  Comparison 228 
calibrations of this nature are completed for Polytec vibrometers at the German National 229 
Laboratory (Physikalisch-Technische Bundesanstalt – PTB).  The issue of calibrating across 230 
the extended frequency range is dealt with by injection of high quality synthetic Doppler 231 
signals (traceable to the frequency / time standards) into the Doppler signal processing 232 
electronics, with accurate measurement of output analogue voltages [36]. 233 
 234 
This provides a definitive statement of instrument performance, which is defined as a 235 
sequence of calibrated scale factors.  However, analysis of error budgets associated with the 236 
experimentation is very significantly more complex, because it has to contend with the 237 
interaction of the transducer with the experimental apparatus. Because of the issues discussed 238 
above, any error term will predominantly be a function of non-linear integrating effects across 239 
the diverging acoustic volume, plus angle of volume interrogation. These two components 240 
have previously been assessed for the more specialist case of a non-scanning analysis of plane 241 
wave water based acoustic  propagation [29], clearly identifying the angular dependency of 242 
error terms, and the need to minimise their impact.  In the study being reported here, these 243 
errors are unavoidable, and vary non-linearly across the measurement volume. 244 
 245 
At this point in time this complex error budget has not been calculated.  However, traceability 246 
of the experimentation and definition of minimum resolvable limits has been achieved via 247 
 12 
direct comparison with the UK National Physical Laboratory underwater pressure standard 248 
(NPL Laser Interferometer).  These terms were assessed [25] as being -82.4 dB / √Hz re: 1Pa 249 
for the noise floor, and 18.9 x 10-3 Pa / √Hz  minimum instrument sensitivity, although clearly 250 
these terms do not identify explicit statements of error budget. 251 
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3.0 EXPERIMENTATION AND RESULTS 252 
 253 
Figure 3 shows the experimental arrangement of the scanning LDV transducer and acoustic 254 
source. The LDV scanning head was positioned approximately 1 m from the acoustic axis.  255 
The laser beam traversed the width of the glass tank through the measurement volume 256 
(internal dimensions 1219mm x 457mm x 295mm), was reflected by a stationary target 257 
consisting of a rigid panel of commercially available 3M retro-reflective material (100 mm × 258 
100 mm) and returned along the same path to the vibrometer head.  A measurement grid of 259 
specified increments in x and y was then established on the target, the nodes of which defined 260 
the measurement positions for the laser beam.  It should be noted that there are merits in  261 
designing the acoustic system to be that of a single mode wave-guide, but due to the 262 
complexity of reflected and refracted wavefronts, and consequently the averaging of the 263 
pressure distribution along any one laser path, this was deemed as being unnecessary and 264 
complements the reasoning of other researchers [19]. 265 
 266 
A time resolved measurement of the rate of change of optical path length was recorded at 267 
each target position, triggered and phase locked in time from the acoustic source input signal.  268 
The distance of the measurement position from the source, the acoustic frequency and the 269 
number of acoustic cycles determined the measurement duration.  The signal was sampled at 270 
40 MHz and a Fast Fourier Transform (FFT) with a maximum resolution of 6400 lines was 271 
recorded in software.  The original rate of change of path length data recorded by the 272 
vibrometer were extracted from the proprietary Polytec software in complex FFT form and 273 
converted into the time domain using Matlab [37], to enable measurements of the acoustic 274 
field within the water to be derived.  The previously recorded angular positions were used to 275 
position each measurement point within the final image.  A linear interpolation was 276 
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undertaken between adjacent measurements to increase the number of pixels in each axis by a 277 
factor of 5, thus improving the visual quality of the images.   278 
 279 
The magnitude or power at a certain frequency within a signal measured using an LDV was 280 
established from the respective FFT component of the magnitude or power spectrum at the 281 
excitation frequency.  Each complex FFT was converted into a power spectrum and the 282 
component at the fundamental acoustic frequency was taken to represent the ‘power’ of the 283 
signal, with the ‘magnitude’ being calculated as the square root of the calculated power value.  284 
Both magnitude and power are quantities derived from the rate of change of optical path 285 
length or velocity and take the units of ms-1.   286 
 287 
Alternative measurement techniques (hydrophones) were not used during this work, because 288 
the LDV had previously been characterised and compared directly with the UK underwater 289 
pressure standard (NPL Laser Interferometer) and traceable hydrophones at the National 290 
Physical Laboratory (NPl) [25], thus identifying the measurement noise floor, resolution and  291 
traceability of the technique.  Hence the direct quantified output of the LDV and subsequent 292 
computational processing is presented.  293 
 294 
3.1 3mm diameter object 295 
 296 
Previous work [24-28] had already established the ability of the LDV transducer to reliably 297 
record and observe acoustic fields within water.  The purpose of this research was to consider 298 
the consequences of objects being placed within the water based acoustic field.  The format 299 
for the experimentation presented here considered three cylindrical bars of various diameters; 300 
3 mm steel bar,  15 mm steel bar, 12 mm aluminium alloy tube.    Clearly these are 301 
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predominantly two dimensional objects with a very large aspect ratio.  By aligning these 302 
objects parallel to the laser beam – perpendicular to the acoustic axis, the predominant 303 
acoustic scattering was found to be in the direction perpendicular to the laser beam, thus 304 
maximizing the measured effect.  Furthermore, whilst these objects were not defined as being 305 
infinite, their length dimension exceeded the width of the acoustic field meaning that the 306 
acoustic energy was only incident on the curved surfaces of each object.   307 
 308 
A collimated planar acoustic tone burst was produced using a Met-Optic Plane piston source 309 
transducer operating at 180 kHz with a tone burst duration of 5 or 10 complete cycles.  The 310 
transducer to object distance was 100 mm, and with an average water temperature of 16.5 ºC, 311 
the acoustic wavelength was calculated to be 8.17 mm using Coppens mathematical 312 
approximation [4].  The diameter of the acoustic transmission was approximately 50mm, 313 
transmitting along the length of the tank. A time history of the rate of change of optical path 314 
length was recorded at 4134 target grid positions, with the duration of the time history 315 
specified as 102.4 µs. with a resolution of 0.1 µs.  This experimental detail is summarised in 316 
Table 1 for all three obstructions used during the work. 317 
 318 
Three quantified time-sliced images are presented in Figure 4, depicting the passage of the 319 
acoustic tone-burst through water in which the 3 mm bar is suspended, at three discrete time 320 
instants. Figure 4(c) shows a number of concentric acoustic pressure waves emanating from 321 
the bar. It is probable that this scattering of acoustic energy occurs throughout the duration of 322 
the tone-burst, but due to the low amplitude of the scattered waves by comparison with the 323 
principal tone-burst, their presence can not be identified in the time-resolved images until the 324 
principal tone-burst has passed.  It is worthy of note that the ratio of the dimension of this 325 
obstacle to the acoustic wavelength (3/8.17 = 0.37) is significantly less than the widely 326 
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accepted threshold at which the scattering is assumed to be significant, where the obstacle is 327 
of the same order as the acoustic wavelength. 328 
 329 
Analysis of the FFT and DFT components of the data reveal that the acoustic power 330 
distribution is high in the region to the left of the 3mm diameter obstacle and in a number of 331 
‘streams’ passing either side of the bar at increasingly diverging angles. Another important 332 
feature of the images in Figure 4, is the interference patterns evident throughout the field.  333 
These are particularly apparent in areas of low acoustic ‘power’ such as the region 334 
immediately beyond the bar. Here a diagonal pattern of interference can be clearly observed. 335 
 336 
In addition to the reflected component of the acoustic wave, consideration has been given to 337 
the component transmitted into the bar at the water/steel boundary. A proportion of this 338 
transmitted wave is reflected at the steel/water boundary at the far side of the bar, whilst the 339 
remainder is transmitted back into the water. Given that the speed of sound in steel, (csteel = 340 
5050 m/s [38]) is much greater than that in water (c = 1471.1 m/s at 16.5 °C), any acoustic 341 
energy which has passed through the bar and returned to the water would be expected to 342 
propagate in advance of the remainder of the acoustic energy. The distance by which this 343 
component leads, dlead, the remainder can be calculated by determining the time taken, tbar, for 344 
the acoustic wave to travel through the steel bar with diameter, dbar,  345 
 346 
 (5) 347 
 348 
For the 3 mm diameter steel bar, dlead, is calculated to be 2.13 mm, which corresponds to a 349 
phase difference of 0.51π for a 180 kHz acoustic wave in water. This distance is clearly very 350 




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 17 
small with respect to the dimensions of the scanning region, and as such, it is not possible to 351 
identify this lead in the magnitude or phase data related to Figure 4, or subsequent images.  352 
 353 
3.2 15mm diameter object 354 
 355 
The same procedure was followed in recording measurements of the acoustic scattering 356 
caused by the presence of a 15 mm bar within the field. This bar represented an obstruction 357 
with dimension greater than the acoustic wavelength with detail summarised in Table 1. 358 
 359 
Images representing the rate of change of optical path length at three instants in time are 360 
provided in Figure 5. The presence of scattered acoustic components can be observed in each 361 
of the images, with Figure 5(a) showing interference in the region immediately prior to the 362 
obstruction when only 2 cycles have passed the front edge of the bar. This interference 363 
becomes more evident in Figure 5(b) where a complex interference pattern can be observed. 364 
Regions of increased and decreased amplitude can be seen with recurring periodicity.  365 
 366 
Figure 5(c) depicts a similar pattern to that observed for each of the previous cylindrical 367 
obstructions, where two series of pressure waves can be observed, one representing the 368 
principal tone-burst and the other the signal scattered by the bar.  Further analysis of the FFT 369 
data identified significant reduction in power measured in the region immediately to the right 370 
of the obstruction, where the power is generally 2 orders of magnitude less than that in the 371 
region prior to the bar.  372 
 373 
Consideration was also given to the component of the acoustic tone-burst transmitted through 374 
the 15 mm steel bar. Calculations to establish the position distance of the transmitted wave 375 
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suggest that it would lead that remainder of the acoustic tone-burst by 10.63 mm. This 376 
corresponds to a phase lead of 2.6π for a 180 kHz acoustic wave in water. Again a 377 
discrepancy in the phase continuity was also observed in the region to the right of the bar in 378 
the FFT and DFT data. However, the observed discrepancy is not equal to that calculated 379 
from the theory of the transmitted wave.  It is unclear at this point in time if  the phase 380 
discontinuity is a function of the acoustical physics, or a function of the interferometer  381 
integration of the complex acoustic wavefronts. 382 
 383 
3.3 12mm diameter hollow object 384 
 385 
In addition to the interrogation of acoustic fields impeded by solid cylindrical objects, 386 
attention was given to scattering by a hollow aluminium cylindrical scatterer. Three images 387 
are presented in Figure 6, depicting the tone-burst at three time instants, summarised in detail 388 
in Table 1. 389 
 390 
The principal acoustic tone-burst used was identical in frequency and amplitude to those 391 
generated in the interrogation of solid bar experiments. It is significant therefore, that the 392 
amplitude scale used for the time-resolved images depicted in Figures 4 and 5 was required to 393 
be increased by 50% from that used for the equivalent images from the solid bar experiments. 394 
This was necessary to cater for the magnitude of the regions of constructive interference 395 
between the principal tone-burst and scattered acoustic energy. This suggests that the strength 396 
of the signal scattered from the 12 mm aluminium tube was greater than that of the signal 397 
scattered by the 15 mm solid steel bar.  398 
 399 
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It is known that an acoustic wave incident on a boundary between one medium and another 400 
will generate a reflected and a transmitted wave [38]. There are two such boundaries in this 401 
case; the water/aluminium of the outer diameter of the tube, and the aluminium/water of the 402 
inner diameter. However, the resolution and detail of the existing experimentation is not 403 
sufficient to determine any specific contributions. 404 
 405 
This research also offered the opportunity to study the acoustic propagation through the water 406 
within the centre of the tube, in a similar manner to that seen in air [17]. In each of the images 407 
depicted, continuity between positions of equal phase is observed to extend through this 408 
region, suggesting that a proportion of the acoustic energy is transmitted through the 409 
aluminium hollow tube and into the water behind.  410 
 411 
An examination of the phase in the region to the right of the bar again showed 412 
inconsistencies. However, in this case it might be argued that the influence of the acoustic 413 
wave transmitted through the aluminium is greater than was the case with the steel bars 414 
through close scrutiny of the time-resolved image shown in Figure 6(a). Here, a feint region 415 
depicting the first positive rate of change of optical path length of a propagating tone-burst 416 
can be identified at a position ahead of the remainder of the field.  However, the resolution of 417 
the data is limited, and higher resolution experiments are required before firm conclusions can 418 
be drawn on this matter. 419 
 420 
Comprehensive theoretical studies of the relative strengths of reflected and transmitted 421 
acoustic signals from different material solid surfaces have previously been produced [38-40]. 422 
Whilst the exact experimental scenario described here is not discussed in these works, 423 
consideration is given to the reflection and transmission of acoustic waves normally incident 424 
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on solid and cylindrical surfaces.  In all three cases, these reports (and others) provide a 425 
potential basis of understanding and correlating the data generated from the Laser Doppler 426 
vibrometer. 427 
 428 
The significant difference is that these texts report experiments detailing pressure 429 
measurements, whilst the data reported here is presented as rate of change of pathlength 430 
(refractive index). Hence a quantitative correlation would be inappropriate (and is not possible 431 
at this stage), especially due to the issues of complex integration of pressure terms through the 432 
acoustic volume.  Consequently, this current work has been completed to demonstrate the 433 
potential applicability of the laser Doppler vibrometer to wholefield water based acoustical 434 
analysis, but not as a direct comparison to acoustical theory..   435 
 436 
In order to progress to quantitative comparison and correlation with theoretical models, the 437 
following elements of the instrumentation and experimentation need to be addressed in the 438 
future;  increased resolution of measurement through smaller scan steps, better understanding 439 
of the integration of complex pressure terms along the line of laser interrogation, and 440 
consequently the derivation of a global error map for the experiment as a function of scan 441 
angle.   442 
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CONCLUSIONS 443 
 444 
The experimentation reported here has demonstrated the unique potential of laser Doppler 445 
vibrometry as a non-perturbing optical method for visualising acoustic scattering from objects 446 
within a volume.  The influence of the localised changes in pressure cause corresponding 447 
changes in the refractive index of the water, which are detected as path length changes by the 448 
scanning laser Doppler vibrometer. 449 
 450 
Measurements made using the vibrometer, take the units of metres per second, by virtue of 451 
the fact that it provides a measurement of the rate of change of optical path length.  Whilst it 452 
is not currently possible to present the resultant quantified images depicting the spatial and 453 
temporal distributions of acoustic parameters in conventional acoustic units, the features 454 
exhibited in the data (reflection and refraction) are representative of the acoustic scattering 455 
caused by the obstacle. 456 
 457 
These initial results provide a rapid and unique ability to increase understanding of water 458 
based acoustic scattering, although further detailed experimentation is necessary to improve 459 
signal resolution, confirm data integrity, derive transform functions and generate wholefield 460 
error mapping, before correlation to appropriate acoustics theory can be achieved.  However, 461 
the potential for this technique to be applied to many liquid acoustics based applications is 462 
self evident, and provides potential to better understand the engineering and acoustic 463 
consequences of structures within acoustic fields.   464 
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Figure 1 Basic schematic of a laser Doppler vibrometer 611 
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Figure 3 Experimental set-up for acoustic obstruction analysis 615 
 616 
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at three time instants, measured as a rate of change of optical pathlength (ms-1); 618 
(a) t = 7.5µs,  (b) t = 20.0 µs, (c) t = 30.0µs 619 
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Figure 5 180 kHz plane wave tone burst incident on a 15mm diameter cylindrical steel 621 
bar at three time instants, measured as a rate of change of optical pathlength 622 
(ms-1); (a) t = 7.5 µs,  (b) t = 20.0 µs, (c) t = 30.0 µs 623 
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Figure 6 180 kHz plane wave tone burst incident on a 12mm diameter cylindrical 625 
aluminium alloy tube at three time instants, measured as a rate of change of 626 
optical pathlength (ms-1); (a) t = 7.5 µs,  (b) t = 20.0 µs, (c) t = 30.0 µs 627 
TABLES OF DATA 628 
 629 
Table 1:   Acoustic obstruction detail and parameters 630 
 631 
 632 
Bar Type Material Diameter 
(mm) 
Material 
Acoustic 
Velocity 
(ms-1) 
Water 
Acoustic 
Wavelength 
@ 180kHz 
(mm) 
Target 
Grid 
Positions 
Image 1 
Time (µs) 
Image 2 
Time (µs) 
Image 3 
Time (µs) 
Solid Steel 3.00 5050 8.17 4134 7.5 20.0 30.0 
Solid Steel 15.00 5050 8.17 3600 13.0 20.8 30.0 
Hollow Aluminium 12.00 6300 8.17 4242 13.0 20.8 30.0 
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